BACKGROUND/AIMS-While the rise in non-alcoholic fatty liver disease (NAFLD) parallels the increase in obesity and diabetes, a significant increase in dietary fructose consumption in industrialized countries has also occurred. The increased consumption of high fructose corn syrup, primarily in the form of soft-drinks, is linked with complications of the insulin resistance syndrome. Furthermore, the hepatic metabolism of fructose favors de novo lipogenesis and ATP depletion. We hypothesize that increased fructose consumption contributes to the development of NAFLD.
INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD), a hepatic manifestation of the metabolic syndrome, is the most common explanation for liver aminotransferase elevation in obesity [1] . The prevalence of NAFLD exceeds the combined prevalence of chronic viral and alcoholassociated liver disease in the general United States population [2] . Population-based studies, such as NHANES III and the Dallas Heart Study [3, 4] confirm that obesity and type 2 diabetes are highly correlated with NAFLD. As the prevalence of obesity and diabetes increase, NAFLD has become the leading cause of chronic liver disease in developed countries.
The dramatic rise in prevalence of NAFLD and the metabolic syndrome strongly suggest a role for environmental factors in disease pathogenesis. Most attention has focused on increased energy (caloric) intake coupled with reduced physical activity as central mechanisms contributing to the obesity epidemic. However, an important, but not well-appreciated change in dietary habit has been the substantial increase in dietary fructose consumption acquired from sucrose and high fructose corn syrup (HFCS), a common sweetener used in the food industry [5] . For example, soft drinks and fruit drinks, which are a major source of HFCS or sugar, have increased from 3.9% of total energy intake in 1977 to 9.2% of total energy intake in 2001 [6] . Soft drink consumption has recently been linked with increased risk for weight gain [7, 8] , type-2 diabetes [8, 9] and other features of the metabolic syndrome [10] . Soft drink consumption is associated with cardiometabolic risk factors and the metabolic syndrome in middle-aged adults [10, 11] and with the development of obesity in children [12] .
Many studies suggest that the mechanism by which sugar or HFCS may induce metabolic syndrome is due to the fructose content [13, 14, 15, 16] . In animal models, diets high in fructose induce features of the metabolic syndrome including weight gain, insulin resistance, hypertriglyceridemia, and hypertension [17] . Similar effects are not observed with the administration of other simple sugars such as glucose [18] . Fructose (or sucrose) administration to humans also causes features of metabolic syndrome [13, 15, 16] .
While it has not been emphasized, fructose may have a role in the pathogenesis of NAFLD. Fructose is lipogenic and stimulates triglyceride synthesis [19] . Splanchnic perfusion studies demonstrate that fructose produces higher rates of triglyceride secretion from the liver than equimolar amounts of glucose [20] . The long-term administration of fructose to rats results in hepatic macro-and microvesicular steatosis with a 198% increase in hepatic triglycerides and an 89% increase in hepatic cholesterol concentration [21] . Ducks fed high fructose diets also develop fatty liver [22] . Furthermore, the administration of a diet with 25% of total energy as sucrose (which contains 50% fructose) resulted in a rise in hepatic ALT and AST levels within 18 days [23] . This study, which was performed nearly 25 years ago, is all the more alarming as current sugar intake of Americans is in this same range [24] . Indeed, total fructose intake averages approximately 12% of total energy intake and may increase to 15% in some subgroups in the US population [15] .
A potential mechanism by which fructose may cause liver injury also exists. The metabolism of fructose is distinct from glucose. Before converging with the glycolytic pathway, initial fructose metabolism involves phosphorylation of fructose to fructose-1-phosphate by fructokinase (ketohexokinase, KHK) using the substrate ATP. Unlike glucokinase, the phosphorylation of fructose by fructokinase is specific for fructose and not rate limited. The high activity of fructokinase in phosphorylating fructose to fructose-1-phosphate in the liver, could result in hepatic ATP depletion [15] . Indeed, fructose has been shown to cause ATP depletion in humans [25, 26, 27] , and recovery from fructose-induced ATP depletion was found to be delayed in subjects with NALFD in studies that used phosphorus-1 magnetic resonance spectrosocopy to assess hepatic metabolism [27, 28] . In some regards, fructose-induced ATP depletion resembles hepatic ischemia [29] . In rats, fructose administration increases hepatic lipid peroxidation and activation of inflammatory pathways [30, 31] . We have also found that incubation of endothelial cells or renal tubular cells with postprandial concentrations of fructose reduces intracellular ATP and activates proinflammatory and pro-oxidative responses [Cirillo P, Sautin YY and Johnson RJ, unpublished] . Therefore, high fructose consumption may contribute to NAFLD pathogenesis because fructose-induced ATP depletion promotes hepatic necroinflammation.
Despite the evidence suggesting that fructose may be involved in the pathogenesis of NAFLD, no studies have specifically investigated this relationship. We conducted a case-control study to assess whether there is increased fructose intake in those with NAFLD and whether fructose correlates with features of the metabolic syndrome of insulin resistance. In addition, since fructose upregulates KHK activity in the liver and intestines of rats fed a high fructose diet [32, 33] we examined whether KHK is increased in the liver of subjects with and without NAFLD.
PATIENTS AND METHODS
Following approval by the Institutional Review Board of the University of Florida, we prospectively collected demographic, medical, and dietary information on patients with biopsy proven NAFLD (n=49) and no evidence of NAFLD (n=24) on liver biopsy. Each patient diagnosed with NAFLD underwent a comprehensive medical evaluation to exclude alternative causes for chronic liver disease. The presence of NAFLD was established by a comprehensive medical history, the presence of abnormal liver aminotransferases, negative serologies for alternative forms of chronic liver disease (i.e. viral, autoimmune or metabolic liver disease), hyperechoic liver by ultrasound imaging, and histologic features as defined by Brunt et al [34] . The control population was chosen on the basis of convenience sampling and was selected from a pool of healthy volunteers or patients who were evaluated in the Liver Clinics who did not have evidence of chronic liver disease following a comprehensive medical evaluation, appropriate serologic laboratory studies, imaging studies, or liver histology (if one had been performed) for the further evaluation of elevated liver enzymes. Each patient with a diagnosis of NAFLD was matched by age (± 5 years), gender, and body mass index (± 3 points) to a patient who lacked clinical, laboratory, radiologic, and/or histologic features of underlying NALFD. This study was designed as an exploratory observational pilot study.
NAFLD Cases
Stored liver biopsy tissue and clinical data were retrieved from our institutional IRB approved serum and tissue repository of patients with biopsy proven NAFLD (n=6). All patients included in this registry had clinical, radiologic and histologic confirmation of NALFD and no other form of chronic liver disease. The full histologic spectrum of NAFLD as defined by Brunt et al [34] was utilized for case-definition. The degree of alcohol consumption was estimated using specific volume estimates, type of alcohol consumed, and frequency of consumption. The presence of simple steatosis or steatohepatitis was considered to be non-alcoholic in origin if the patient consumed less than 20 grams of alcohol weekly. If the clinical and histologic criteria for NAFLD were not met, the patient was reclassified in the tissue and serum registry as non-NAFLD liver disease.
Non-NAFLD Controls
Stored liver tissue from non-fatty liver controls (n=6) were also retrieved from our institutional IRB approved repository of patients evaluated for concern of underlying liver disease but whose liver biopsy did not fulfill the Brunt histologic criteria for a diagnosis of NAFLD [34] . These subjects were selected on the basis of convenience sampling (patients who underwent a liver biopsy for the evaluation of underlying liver disease and who were deemed to have no identifiable cause for chronic liver disease). These subjects, matched by age (± 5 years), gender and body mass index (± 3 points) to a case with NAFLD, had no evidence of fatty liver by radiologic studies (either by abdominal ultrasound or computerized tomography scan), and absence of histologic features of NAFLD. Of the 6 control subjects, 5 patients had evidence of normal liver histology (1 live-donor liver transplant, 3 segmental resection of a benign hepatic lesion with surrounding normal liver parenchyma, and 1 liver biopsy performed for a non-specific elevation of aminotransferases), and 1 patient had non-specific histologic features of mild lobular disarray with no evidence of steatosis, inflammation or fibrosis.
Assessment of Dietary Fructose Consumption
Although HFSC is used extensively in many industrialized food products (carbonated beverages, artificially sweetened drinks, baked goods, candies, canned fruits, jams, jellies, and dairy products), we made a conservative estimate of daily dietary fructose consumption by asking our patients to self report the number of servings and frequency (days per week) of consumption of fructose containing beverages. Total energy consumption (kcal/day) from daily fructose intake was estimated based on reporting (frequency × amount) of kool-aid, fruit juices, and non-dietary soda per week. All dietary histories were obtained by the physician providing clinical care (MFA) and were performed within 1 month of the liver biopsy. Each patient was asked to recall their routine daily consumption fructose containing beverages over a 3 month period.
Plasma Biochemistry Analysis
Serum was from NAFLD (n=49) versus controls (n=24) was analyzed for variations in biochemical endpoints that may be associated with increased fructose consumption. Serum glucose, triglyceride, cholesterol and uric acid were measured with an autoanalyzer. Liver tissue was analyzed for hepatic mRNA expression of fructokinase (KHK). Total RNA was isolated using the SV Total RNA Isolation kit (Promega, Madison, WI) according to the manufacturer's protocol. The RNA was eluted with 50 ul of RNase-free water. All RNA was quantified by spectrophotometer, and the optical density 260/280 nm ratios were determined. Reverse transcription was performed in a one-step protocol using the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer's protocols. Reactions were incubated at 25°C for 5 minutes, and 42°C for 30 minutes, 85°C for 5 min and cooled at 4°C in a Thermocycler (Eppendorf, Hamburg, Germany). Primers (Table 1) were designed by Genetool software (BioTools Inc., Edmonton, Canada) and oligonucleotides were synthesized by Sigma Genosys (Sigma-Genosys Ltd., Woodlands, TX). Real time PCR analyses were performed using the Opticon PCR machine (MJ Research, Waltham, MA). The SYBR Green master mix kit (BIO-RAD) was used for all reactions with real-time PCR. Briefly, PCR was performed as: 94°C for 2 minutes followed by 40 cycles of denaturation, annealing, and extension at 94°C for 15 seconds, 64°C for 30 seconds, 72°C for 45 seconds, respectively, and final extension at 72°C for 10 minutes. PCR reaction for each sample was done in duplicate for all of the products and for the glyceraldehyde-3-phospate dehydrogenase control. Ratios for each product/ glyceraldehyde-3-phospate dehydrogenase mRNA were calculated for each sample and expressed as the mean ±SD.
Measurement of Enzymatic Activity of KHK in Mouse AML Hepatocyte Culture
Mouse AML-12 hepatocytes [ATCC] were cultured in the DMEM/F12 (1:1) medium containing 10% FBS, 40 ng/ml dexamethasone, 5 μg/ml insulin, 5 ng/ml sodium selenite, 5 μg/ml transferrin and 10 μg/ml gentamycin to 70-75% of confluence. For the stimulation with fructose, cells were transferred into glucose-free DMEM containing 10% dialyzed-FBS and 10 or 30 mM Glucose with or without 5 mM fructose and incubated for 72 h followed by collecting cell lysates for measuring KHK activity and immunoblotting.
To measure enzymatic activity of KHK, we used a coupled enzymatic assay based on existing methods [35, 36, 37] . Cells were harvested on ice in the buffer containing 25 mM HEPES (pH 7.1), 100 mM KCl, 1 mM DTT, 0.1 mM EDTA and homogenized by 100 strokes of the pestle. ADP, one of the products of the reaction was quantitatively converted to NAD + and measured as a decrease of optical density at 340 nm in the reaction mixture containing 25 mM HEPES (pH 7.1), 6 mM MgCl 2 , 25 mM KCl, 10 mM NaF, 5 mM ATP, 5 mM D-fructose, 0.2 mM NADH, 1 mM phosphoenolpyruvate, 40 U/ml pyruvate kinase, 40 U/ml lactate dehydrogenase, and 50 mM N-acetyl-D-glucosamine (to inhibit hexokinase but retain KHK activity). Protein was measured using the bicinchoninic acid (BCA) protein assay (Pierce, Rockford IL).
For immunodetection of KHK, cells were lysed in the buffer containing 20 mM tris-HCl (pH 7.3), 1.5% nonyl glucoside, 0.6% CHAPS, 1 mM dithiothreitol, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonylfluoride, 40 μg/ml leupeptin, 5 μg/ml aprotinin, 1 μg/ml pepstatin. 20 μg protein of the total cell extract was resolved by SDS-PAGE and electroblotted onto PVDF membrane. Membranes were blocked in 10 mM Tris (pH 7.5), 100 mM NaCl, 0.1% Tween-20 containing 5% non-fat dry milk, followed by incubation with primary antibody against KHK (rabbit polyclonal; Abgent, SanDiego, CA). Membranes were washed three times and incubated with appropriate HRPconjugated secondary antibody. The immunocomplexes were visualized by chemiluminescent detection with Phototope Western Detection System (LumiGLO ® , Cell Signaling Technology, Beverly, MA). Then membranes were stripped and probed with monoclonal GAPDH antibody (Chemicon, Temecula, CA). The images were digitalized using the Alpha Ease FluorChem digital imaging system (Alpha Innotech Corp., San Leandro, CA). The optical density of the bands was quantified.
Statistical Analyses
All values presented are expressed as means ± SD and analyzed by one-way ANOVA or by unpaired Student's t-test. Significance was defined as P < 0.05.
RESULTS

Consumption of non-dietary soft drinks and other sweetened beverages
Despite using the most conservative estimate of HFCS consumption possible, patients with biopsy proven NAFLD (n=49) had increased daily consumption of HFCS or sugar containing beverages when compared to their matched controls (n=24) [365 kcal/day versus 170 kcal/day, fructose intake, p<0.05]. Figure 1 depicts the difference in fructose energy consumption between groups. For comparison, the mean total energy intake from sweetened beverages in adults from the NHANES study performed in 1999-2001 was approximately 190 kcal/d [6] . This translates into approximately 80-100 kcal/day of fructose from sweetened beverages. Thus, the caloric intake from fructose reported in our study is significantly higher, both for controls and patients with NAFLD, than that reported in the NHANES study for 1999-2001.
Plasma Biochemistry Profile
When compared to matched controls, patients with NAFLD had features of the metabolic syndrome (Table 2) . Plasma cholesterol levels were higher in NAFLD groups compared to non-steatotic liver controls (p<0.05) whereas a trend was observed for serum triglycerides (p<0.05). No difference in fasting glucose levels was noted between groups. Interestingly, uric acid, which is commonly elevated in subjects with metabolic syndrome, was also significantly increased in the NAFLD group (p<0.05).
Changes of Fructose-dependent Enzymes in Subjects with NAFLD
We extracted mRNA from liver biopsies from NAFLD patients (n=6) and non-fatty liver controls (n=6), and performed real time PCR for fructokinase (KHK), fatty acid synthase (FAS), and xanthine dehydrogenase (XDH). The mRNA expression of KHK, the first enzyme in fructose metabolism, and FAS (an important enzyme for lipogenesis) were both increased in NAFLD livers compared with non-steatotic liver control specimens (p<0.05). The mRNA expression of XDH tended to be higher in NAFLD subjects but did not reach statistical significance (p=0.16) [ Figure 2 ].
Murine Liver Cells Show Increased KHK protein and activity to 5mM fructose
To determine if fructose can upregulate fructokinase activity in a murine hepatocyte cell line, AML12 hepatocytes were treated with different concentrations of fructose. Both KHK activity and expression were upregulated by the treatment with 5 mM fructose in the presence or absence of hyperglycemia; whereas hyperglycemia alone had no effect [ Figure 3 ].
DISCUSSION
The new millennium has witnessed a modern epidemic of obesity, metabolic syndrome, and diabetes. An increasingly recognized complication is non-alcoholic fatty liver disease (NAFLD), which can progress to cirrhosis over time in some individuals. In this study we investigated whether fructose could play a role in NAFLD, based on studies showing that fructose intake induces both features of metabolic syndrome and NAFLD in animals [17, 22] and correlates with the epidemic of metabolic syndrome [38] . Furthermore, administering high doses of sucrose (which contains 50% fructose) can also cause elevation of liver function tests in humans [13, 15, 16, 21, 23] . The Western diet, a "cafeteria diet" high in processed sugars and fat, has also been shown to cause deleterious effects with the development of hepatic steatosis in non-obese rats [39] . Thus, a strong rationale exists that suggests excessive fructose intake as a risk factor for developing NAFLD.
Our primary finding was that subjects with NAFLD have a significantly greater intake of sweetened beverages by history, representing two-fold greater than the mean intake in both controls and in population-based studies. The second finding was that the key initiating enzyme in fructose metabolism, KHK, was also increased two-fold in the liver biopsies of these patients compared to controls. The increase in KHK levels is consistent with the known effect of fructose to upregulate KHK in the liver of rats [32, 33] . Also consistent with this finding was our observation that fructose upregulates KHK mRNA, protein and activity in cultured hepatocytes.
There are several limitations to the study. First, it is limited by small sample size. Second, selfreporting of dietary intake is a relatively insensitive measure of dietary intake. We made every attempt to decrease reporting bias by obtaining the dietary history within one month of a liver biopsy; however, recall bias and reporting bias could exist. Despite these limitations, the study provides several different lines of evidence implicating a role for fructose in NAFLD.
A consequence of elevated KHK activity is that for the same dose of fructose, one might expect a greater or more prolonged degree of ATP depletion. One way this has been indirectly examined is to evaluate the effect of fructose on uric acid levels. Fructose, by causing ATP depletion, can rapidly generate uric acid which can be detected in the blood within minutes of ingestion [40] . Chronic fructose feeding can also lead to increased uric acid levels [41, 42] and intake of fructose correlates with uric acid levels in the population [43] . Furthermore, patients on a high fructose or sucrose diet show a greater uric acid response to a bolus of fructose [40, 41] consistent with upregulation of KHK activity. Finally, uric acid levels can predict the development of NAFLD [44] . It was thus of interest that uric acid levels were also higher in our patients than in the controls.
In conclusion, our studies raise the possibility that increased fructose intake may have a role in the pathogenesis of NAFLD. Furthermore, the upregulation of KHK by fructose may make subjects chronically drinking HFCS-or sugar-sweetened beverages more susceptible to the ATP-depleting effects of fructose. There is also increasing evidence that the rise in uric acid may also have a potential role in causing features of the metabolic syndrome [18] , in part by the ability of uric acid to deplete endothelial nitric oxide levels [45] and by activating the adipocyte [32] . Further studies investigating fructose in NAFLD appear to be warranted. The mRNA expression of fructokinase (KHK), an important enzyme for fructose metabolism, and fatty acid synthase (FAS), an important enzyme for lipogenesis, are increased in NAFLD livers compared with non-steatotic liver control specimens (p<0.05). The mRNA expression of xanthine dehydrogenase (XDH) shows a trend for upregulation in NAFLD group but was not statistically significant (p=0.16). (A) Effect of fructose on the KHK activity. N=3 performed in triplicates. *, ** p<0.05, 0.01, respectively, in comparison to fructose-free control. (B) Effect of fructose on KHK expression. Representative blots from three independent experiments are shown. Densitometry is expressed as the ratio of the optical density of KHK band to GAPDH band detected after stripping the membrane. Table 1 Realtime PCR Primers Used in the Study 
